Purpose. To determine the effect of age and atherosclerotic risk factors on the carotid intima-media layer thickness and morphology characteristics. Patients and methods. Three groups of subjects were included in the study: Individuals with atherosclerotic risk factors including a family history of CHD, hypertension, hyperlipidemia, diabetes, and/or smoking (group A, nZ180), age-and sex-matched healthy subjects without risk factors (group B, nZ60) and a group of significantly younger volunteers (group C, nZ25). The carotid artery was imaged longitudinally with B-mode ultrasound. Intima media thickness (IMT) was measured in the common (CCA) and internal carotid (ICA) arteries. Surface irregularity and continuity of the intima-media layer (IML) were assessed by high definition imaging. Echogenicity of the wall was quantified using Adobe Photoshope. The presence of calcium deposits was recorded. The double line wall pattern seen in young healthy people was used as a control to assess patterns and texture of the carotid IML. Fifteen subjects had their measurements repeated for intraobserver variability. Results. IMT measurements were reproducible in both the CCA and ICA (coefficient of variation 6% and 9%). IMT increased linearly with age (adjusted R 2 Z0.72, p!0.0001), which was also an independent risk factor for increased IMT. All the risk factors had a significant association with increased IMT. In the lowest (third) decade the wall/blood interface was smooth and the double line was visualized with an echolucent center. With increased age and number of risk factors present, the wall/blood interface became more irregular (p!0.01), the double line was distorted (p!0.01) and the IML was more echogenic (p!0.01). The increase in IMT and the changes in the echogenicity of the IML were more pronounced in the ICA. Conclusions. Age is an independent risk factor for increased IMT. Atherosclerotic risk factors are associated with the agerelated changes seen in the IML. Such changes are also seen in younger asymptomatic volunteers with risk factors indicating that their arteries are older than their age.
Introduction
Myocardial infarction and stroke are the most prevalent fatal events. The yearly incidence of newly diagnosed coronary heart disease (CHD) in the USA is approximately 500,000 cases, with angina being the initial event in 47% of cases. 1 Most patients presenting with typical angina already have significant CHD, with almost 50% of them having triple vessel or left main disease. 2 Asymptomatic individuals in population-based studies with atherosclerotic risk factors had a combined stroke and MI event rate of 3.8% at 2.7 years 3 and 12.3% at 6.2 years follow-up. 4 To better identify silent progression of atherosclerosis, studies identifying vessel abnormalities prior to end organ damage have been undertaken. The most promising of these is Duplex ultrasound (DU) identification of carotid intima-media thickness (IMT).
IMT represents a marker of pre-clinical atherosclerosis because of its correlation with vascular risk factors 5 and with the severity and extent of CHD. It may also serve as a surrogate endpoint to measure probability of disease or effectiveness of treatment. 3, 4 While prior studies focused chiefly on quantitative IMT measurements, this study was designed to describe not only the IMT but also the morphologic characteristics of carotid intima-media layer (IML) and its relation to atherosclerosis and age.
Methods
Three groups of subjects were included in the study: individuals with atherosclerotic risk factors or family history of CHD and/or stroke, hypertension, hypercholesterolemia, diabetes, and smoking (group A), age-and sex-matched healthy subjects without risk factors (group B) and a group of significantly younger volunteers (group C). Group A patients were consecutive. They were referred to our vascular laboratory for a carotid duplex scanning. Their risk factors were determined by history or blood tests for hypertension, diabetes and hyperlipidemia. Smoking and family history were determined by self-reporting of the patients. The risk factors were defined by using the following definitions: Systolic blood pressure O140 mmHG for hypertension, a total cholesterol O200 mg/dL and an LDLO130 mg/dL for hypercholesterolemia. Diabetes was considered to be present when the patients were receiving oral hypoglycaemics or insulin. A positive family history required patients to have at least two first-degree relatives with CHD or stroke. Group B patients were those who came to our hospital for a non-arterial problem, also friends and staff members. All of them had an examination within the last 18 months that was negative for the risk factors studied. Group C subjects were friends, staff members and medical students who volunteered for the study. Patients with previous carotid interventions, arterial dissection or thrombosis, fibromuscular dysplasia, arteritis, neck irradiation, carotid occlusion or cerebrovascular events were excluded because of their possible relationship to increased IMT. These conditions were excluded by history, examination and review of the case records.
The carotid artery was insonated longitudinally with B-mode DU using compound imaging (HDI 5000, Philips Medical Systems, Bothell, Washington, DC). IMT was measured in both the common (CCA) and internal carotid (ICA) arteries. In the CCA the IMT was measured within 3 cm from the flow divider (Fig. 1) . In the ICA the IMT was measured within the bulb. The IML was measured three times in its thickest area at both segments and a mean value was calculated from those three values for each segment. The IML was assessed for continuity, irregularity and calcification. Discontinuous ultrasound pattern was defined by the presence of acoustic holes (Fig. 2) . Irregularity was defined as an uneven wall/blood interface that was measurable by DU (Fig. 3) . High-definition imaging magnification was used to assess surface irregularity and continuity. IML echogenicity was quantified using Adobe Photoshope as described elsewhere for evaluating carotid plaques (Fig. 4) . 6 All pictures were normalized to minimize the influence of variations in depth and equipment adjustments. The carotid lumen which appears dark on DU was set at minimum with a 0 brightness value. The adventitia, which appears very bright on DU, was set at a maximum value of 180. The median distribution of grey values of the pixels within the carotid IML (grey scale median-GSM) was used as the measurement of echodensity. The grey levels of the pixels were coded on a scale 0-255 (0Zblack, 255Z white). Dense calcification was detected by the presence of an acoustic shadow posterior to a very bright area within the carotid wall. Less intense calcification was considered to be present when the IML was much brighter than adjacent areas in the absence of an acoustic shadow posteriorly.
The double line wall pattern seen in carotid arteries of young healthy people was used as a control to assess patterns and texture of the carotid wall. Fifteen subjects had their measurements repeated in order to assess intra-operator and interobserver variability. In the second visit the measurements were performed twice with at least 30 min interval between them. The institutional review board approved the study and informed consent was obtained.
Statistical analysis
Analysis of the patients' characteristics was performed by descriptive statistics. Unpaired, two tail, t-test was used to compare continuous data. Differences in proportions were analyzed with the Chi-square test. Yates correction for continuity and Fisher's exact test were used accordingly when the sample size in any cell was small (IML characteristics in group B vs. group C). Confidence interval analysis was performed to compare the IMT values in the different groups and for the number of risk factors in group A. Normal distribution for the confidence intervals was used in groups A and B and t-distribution for group C, as its size was !100. Linear regression was used to determine the effect of age on IMT in groups B and C. Mulitilinear regression was used to determine the association of IMT with the different risk factors in group A. The highest IMT value between the left and right carotid was used in the regression. Data were analyzed with statistical package for the social sciences (SPSS) software version 10.0 (SPSS Inc, Chicago, IL).
Results
The demographic characteristics of the three groups are shown in Table 1 . Because our groups were selected, no significant differences were seen in groups A and B other than the presence of risk factors. Subjects in group C were significantly younger (p! 0.001). The prevalence of the risk factors in the group A Are Your Arteries Older Than Your Age?
were hypercholesterolemia 73%, hypertension 55%, positive family history 54%, diabetes 46% and smoking 23%. The number of risk factors per subject is shown in Table 2 . Twenty-six additional patients were excluded due to carotid interventions (nZ9), arterial dissection (nZ1) or thrombosis (nZ2), fibromuscular dysplasia (nZ1) arteritis (nZ1), neck irradiation (nZ2) carotid occlusion (nZ2) or cerebrovascular events (nZ8) because of their possible relationship to increased IMT.
The intraobserver variability was less in the CCA than the ICA with a coefficient of variation 6 and 9%, respectively. The intra-operator and interobserver variability for the presence of calcium was 1 and 2%, respectively. The same values for continuity, irregularity and echogenicity varied from 2 to 6% and 3 to 8%, respectively.
In the groups without risk factors (B and C) the IMT increased linearly with age (adjusted RZ0.72, p! 0.0001, Table 3 ). In the group C all the risk factors had a significant impact on the IMT (p!0.0001, Table 4 ). The relationship between the number of risk factors and IMT values in the CCA and the ICA are shown in Tables 4 and 5 , respectively. In the former, patients having 4 or 5 risk factors had a significantly higher IMT values than those of patients with fewer factors (p!0.01). In the ICA, a similar correlation was found but additionally, patients with three risk factors had also significant differences in IMT values when compared with those having 2 or 1 factors (p!0.05).
In group C the wall/blood interface was very smooth and the double line was present with an echolucent center. The wall/blood interface became more irregular (p!0.01), the double line was distorted (p!0.01) and the IML was more echogenic (p!0.01) in group A (Table 6 ). These differences were also significant between groups B and C (p!0.01). The IMT increase and the IML echogenicity changes were greater in the ICA. The IMT was significantly higher in patients with R1 risk factor compared to both control groups (p!0.02). This difference was more apparent at the origin of the bulb (p!0.0006). The IMT had its highest value in the bulb area compared to the CCA (p!0.03). The IML was more often discontinuous and irregular in groups A and B compared to group C (p! 0.01). Calcification was most often present in subjects with atherosclerotic risk factors (Table 6 ). Groups A and B had brighter IML than group C (Table 6 , p! 0.01). In individuals with risk factors the median gray scale was significantly higher compared to age-and sex-matched subjects without any risk factors (p! 0.01). This value was greater in the bulb area than in the CCA (p!0.01).
Discussion
Demographics A wide range of age variation was noted in group A (26-87; Table 1 ). The creation of this group was based on consecutive patients with risk factors and not on a normal age distribution. Nevertheless, the mean age of this group (61) is similar to that of groups with similar risk factors. [7] [8] [9] The individuals in the group B were unexpectedly hard to find. Even though they did not have the risk factors of group A, it is unknown if they had other less prevalent factors, such as metabolic defects or genetic polymorphisms that might have influenced the results of this study. This control group makes our findings very important, as previous reports do not include an age-and sex-matched cohort without risks factors.
Group C was selected for comparison purposes, given that young healthy people have a smooth, regular double lining of the carotid artery wall. B-mode DU description of IMT roughness and shape is linked to cardiovascular risk factors including age. 10 This pattern was used as a control to assess that of older subjects with and without risk factors.
Repeatability
The coefficient of variation for the CCA was 6 and 9% for the ICA. These results are comparable with our prior experience showing a variability ranging from 3. 7 to 7.8% in the CCA. This is also consistent with the published variability, which ranges from 3 to 10.5%. [11] [12] [13] [14] The variation in the ICA is higher than the CCA because the incidence of the ultrasound beam in the former may not be as perpendicular as in the latter. The intra-operator and interobserver variability for the presence of calcium, continuity, irregularity and echogenicity had low variation as the first three were (a) The GSM from a normal volunteer has a much lower value than that in picture (b), which is from an older patient with three risk factors. Are Your Arteries Older Than Your Age?
easily recognized features and the last one was performed by a computer analysis. These findings need to be confirmed by other investigators.
Age and IMT
There was a significant correlation between age and IMT. This is in agreement with large epidemiological studies. 15, 16 It is known that age is associated with arteriosclerosis and atherosclerosis. Even in the absence of atheroma, the wall of the arteries becomes thicker and stiffer. 17, 18 Both conditions often coexist and most likely one promotes the other. Other risk factors have a significant association with increased IMT and can be independent of age. However, most of these factors have higher prevalence with increasing age. According to our multilinear model all the risk factors were important for the IMT increase and independent of age. It seems that age had a lesser impact compared to the rest of the factors.
Hypertension and IMT
Like prior studies that identified the correlation between IMT and known risk factors for CHD, 15, 19, 20 we found significantly higher IMT values in patients with at least one risk factor. Previous studies have linked high blood pressure with increased IMT. 21, 22 Hypertension is inherently related with aging and arteriosclerosis 23, 24 and IML is particularly thickened in individuals with isolated systolic hypertension. 19, 20 Ferrara et al. 19 showed that individuals with uncomplicated primary hypertension had a significantly higher IMT when compared to normotensive controls matched for other cardiovascular risk factors. Increased blood pressure is believed to cause endothelial damage, which according to the 'response to injury' hypothesis 25 sets the stage for lipid infiltration, IML thickening, and eventual plaque formation.
Lipids and IMT
Hypercholesterolemia is known to increase IMT. 3 There is also a linear correlation between plasma cholesterol values and IMT. 26, 27 Increased IMT values in patients with hypercholesterolemia were found in children, 28 especially those with a familial form. 29, 30 Some authors have advocated the use of LDLcholesterol rather than the total cholesterol, 31,32 as oxidized LDL particles undoubtedly play a key role in the thickening of the IML. 33, 34 In our study all patients with hypercholesterolemia had abnormal LDL. There is also an inverse relationship between IMT and highdensity lipoprotein (HDL)-cholesterol. 27, 31, 32 It has been shown in men with low HDL-cholesterol that IMT is increased even without an increase in LDLcholesterol. 35 Low HDL-cholesterol is a strong risk factor for increased IMT in diabetic patients, 27, 36 and IMT has also been correlated with the HDL/LDL ratio. 31, 37 Here lies much of the clinical usefulness of IMT in establishing parameters for lipid-lowering treatment and in following IMT regression with adequate therapy. Several studies have shown that this treatment reduces the annual rate of IMT increase.
7-9
The IMT in patients with both high systolic blood pressure and LDL-cholesterol was greater than the IMT of the controls and patients with only one of these risk factors suggesting a synergistic effect between these two independent variables. 38 Such findings were also suggested by the KAPS and the ACAPS studies. 7, 39 This is in agreement with the 'response to retention' hypothesis. 40 
Diabetes and IMT
Non-insulin dependent diabetics (NIDDM) have significantly increased IMT compared to non-diabetic patients. 41, 42 Insulin dependent diabetics also have an increased IMT 43 even when compared to patients with NIDDM. 44 The management of diabetes in these patients is critical as lower IMT has been associated with better disease control, 44 especially in patients receiving intensive insulin treatment. 45 
Smoking and IMT
There is a well-established association between smoking and IMT. 26, 46 Active smokers usually have higher IMT than former smokers and it depends on the total lifelong smoking dose. 47 Smoking also influenced the progression rate of wall thickening with aging. 48 The MARS study showed that this progression could be slowed down through lifestyle modifications and decreased tobacco use. 49 
Family history and IMT
Several case-control 50,51 and prospective 52,53 studies have suggested a familial pattern to CHD. Few studies have addressed the relationship between DU measurements of carotid artery atherosclerosis and family history of CHD. IMT reflects the association and interaction of multiple risk factors over time and could be used as a marker of cardiovascular prognosis. 54 IMT values correlated well with overall cardiovascular risk profile. 55, 56 Difference between bulb and CCA IMT The difference in the IMT between the control groups and the patients with R1 risk factor was more apparent at the origin of the carotid bulb than in CCA. The 'response to injury' model of atherosclerosis can also account for this finding, 57 as the disturbed flow causes dysfunctional endothelial cell proliferation and wall thickening. 58 
Intima-media layer features
The method for the analysis of the IML characteristics has been used before for the evaluation of the carotid plaques. 6 This is the first time this method has been applied in the assessment of the IML. The IML was more discontinuous and irregular in the two older groups when compared to the younger subjects. This may be partially explained by the vessel wall features as perceived by DU. The morphologically irregular surface of a vessel wall scattered with atherosclerotic changes is interpreted as an absence of the wall at various points along the vessel length. This occurs because the ultrasound signals that are directed into vessel wall concavities with abnormal endothelial lining are not reflected back to the probe and, therefore, they are not seen. Instead, the beams arising from the regular wall of a vessel are reflected directly back. Furthermore, electron microscopy has shown that atherosclerotic vessels have leukocytes and fatty streaks clustered along the endothelium, suggesting localized cell surface changes at those sites. 57 This could account for the irregularities and discontinuity of the carotid artery wall as seen by DU. This would represent the earliest marker for the atherosclerotic cascade and allow for intervention before clinically apparent end organ involvement.
The IML was more echogenic (brighter) in the 2 older groups as compared to the younger controls. Clinically apparent cardiovascular disease usually presents as a late manifestation of widespread atherosclerosis. It typically begins subclinically as endothelial damage with gradual IML thickening. An increased IML 'granularity' (reflectivity) associated with atherosclerotic disease has been described. 59 A more granular appearing IML on DU represents a more advanced stage of atherosclerosis and precedes the development of significant thickening. 60, 61 The increased echogenicity of the IML may also be partially explained by natural changes in arterial wall contents as we age. The degree of this reflectivity needs to be further measured in larger studies in order to obtain its discriminating value. The current study is the first to evaluate the IML morphology. The previous studies assessed only the IML granularity. Our findings could be used in longitudinal studies evaluating treatment or the natural history of atherosclerosis.
More calcification was noted in the IML of patients with atherosclerotic risk factors. Studies indicate that although mineralization correlates with overall plaque burden, there may be variability in the degree of mineralization in patients with similar levels of atherosclerosis. In addition, there may be advanced plaques without mineralization, indicating that lesion formation does not always trigger the calcification process. 62 The role of calcification in atherosclerosis may be dependent on its distribution pattern within a lesion. 63 Despite the recent interest in coronary calcifications, 58, 64 its implications within the carotid IML have not been investigated. Calcification of the carotid IML is another novel finding in the study, which needs further evaluation to determine its significance.
Conclusion
Carotid IMT increases and the IML becomes more irregular and brighter with age and in the presence of atherosclerotic risk factors. The highest IMT values are seen at the origin of the bulb. Carotid wall calcification is only found in older subjects with risk factors for atherosclerosis. The changes in IMT and IML in subjects with risk factors indicate that their arteries are older than their age. The presence of multiple risk factors increases these effects. These observations may provide insight into the progression of arterial enlargement and arteriosclerosis and could be useful as a surrogate endpoint to direct treatment of atherosclerosis.
